Bisphenol A (BPA) leaches from plastics to contaminate foodstuffs. Analogs, such as bisphenol S (BPS), are now used increasingly in manufacturing. Greater BPA exposure has been correlated with exacerbation of cardiovascular disease, including myocardial infarction (MI). To test the hypothesis that bisphenol exposure impairs cardiac healing, we exposed C57bl/6n mice to water containing 25ng/ml BPA or BPS from conception and surgically induced an MI in adult male progeny. Increased early death and cardiac dilation, and reduced cardiac function were found post-MI in BPA-and BPS-exposed mice. Flow cytometry revealed increased monocyte and macrophage infiltration that correlated with increased chemokine C-C motif ligand-2 expression in the infarct. In vitro BPA and BPS addition increased matrix metalloproteinase-9 (MMP) protein and secreted activity in RAW264.7 macrophage cells suggesting that in vivo increases in MMP2 and MMP9 in exposed infarcts were myeloid-derived. Bone marrow-derived monocytes isolated from exposed mice had greater expression of proinflammatory polarization markers when chemokine stimulated indicating an enhanced susceptibility to develop a proinflammatory monocyte population. Chronic BPA exposure of estrogen receptor beta (ERb) deficient mice did not worsen early death, cardiac structure/function, or expression of myeloid markers after an MI. In contrast, BPS exposure of ERbdeficient mice resulted in greater death and expression of myeloid markers. We conclude that lifelong exposure to BPA or BPS augmented the monocyte/macrophage inflammatory response and adverse remodeling from an MI thereby reducing the ability to survive and successfully recover, and that the adverse effect of BPA, but not BPS, is downstream of ERb signaling.
The possibility that the estrogenic chemicals which leach from plastics may adversely affect human health is a growing concern. Bisphenol A (BPA) is a high-volume chemical with millions of tons consumed each year in the manufacture of polycarbonate plastics and epoxies used in everyday life as well as a dye developer in thermal paper products such as register receipts (Geens et al., 2012) . People of all ages, including pregnant women, have detectable BPA or its metabolized products in their body fluids (Birnbaum, 2013) . This persistent exposure is likely due to continual exposure from packaging in contaminated food and beverages and not because of BPA bioaccumulation (Birnbaum, 2013) . Although a Tolerable Daily Intake for BPA of 50 mg/kg/d was proposed, a reduction to 4 mg/kg/d was recently suggested by the European Food Science Authority (European Food Safety, 2015) .
Most epidemiological analyses investigating BPA exposure and cardiovascular diagnoses, as well as rodent exposure studies, support the idea that increased exposure to BPA may worsen cardiovascular disease morbidity and mortality, including diseases such as atherosclerosis and its major adverse outcome myocardial infarction (MI) (Gao and Wang, 2014; Posnack, 2014) . Exposure of BPA in the context of a high fat diet to atherosclerosis-prone mouse and rabbit models lead to increased atherosclerotic plaques (Fang et al., 2014; Sui et al., 2014) . Other epidemiological studies have linked greater BPA exposure with increased frequency of diagnosis of diseases associated with chronic inflammation, such as metabolic syndrome and diabetes (Han and Hong, 2016; Melzer et al., 2012; Rochester, 2013) . More recently, plastic manufacturers are replacing BPA with analogs such as bisphenol S (BPS) (Geens et al., 2012) although the limited toxicological data available suggest that BPS has adverse effects similar to those of BPA (Eladak et al., 2015; Gao et al., 2015; Rochester and Bolden, 2015; Viñas and Watson, 2013) . Network analyses in TOX21 high throughput screens comparing estradiol derivative, BPA and BPA analogs demonstrates some clustering of their estrogenizing activity suggesting some overlap in action (Thayer et al., 2016) . Together, these data suggest that exposure to BPA, and perhaps BPS may influence and promote multiple facets of cardiovascular disease and that the mechanism may lie in estrogen agonist activity.
Cardiac wall rupture, loss of adequate left ventricle (LV) function or arrhythmia can be adverse outcomes after an MI (Myerburg and Junttila, 2012) . Selection of the Watanabe heritable hyperlipidemic rabbits produced a strain more prone to MI, the WHHL-MI rabbit (Shiomi et al., 2003) . Hearts of these susceptible rabbits showed greater numbers of disarrayed cardiomyocytes, increased inflammatory cell infiltration and calcium deposition after exposure to high dose BPA for 8 weeks than control treated rabbits (Fang et al., 2015) . These data suggest that BPA may exacerbate and promote cardiac damage. Previously, we used a chronic exposure model and found reduced early survival, increased cardiac dilation as well as increased monocyte infiltration after an MI in male mice exposed to BPA versus unexposed mice (Patel et al., 2015) . Others have found acute exposure to BPA of isolated rat heart preparations induced arrhythmia that was ablated by estrogen receptor b (ERb) antagonists (Gao et al., 2013; Posnack et al., 2014; Yan et al., 2011) . These data suggest that BPA directly alters cardiac structure/function and reduces the ability to remodel successfully and repair a cardiac injury and that this is a consequence of ERb agonism. To our knowledge, there are no reports assessing the consequences of in vivo exposure to BPS on cardiac structure/function or in response to injury.
In the present study, we directly compare how lifelong exposure to BPA and BPS influences cardiac structure/function at baseline and during recovery after an MI. Because of the similarity in structure of BPA and BPS, similar impact on reproductive tissues in mice (Rochester and Bolden, 2015) , and arrhythmia promotion by BPA and BPS in ex vivo rat heart preparations (Gao et al., 2015) , we hypothesized that BPA and BPS would be equally cardiotoxic and would reduce successful cardiac remodeling and repair postMI. We observed significantly reduced survival early after an MI in BPA and BPS exposed mice and found that those which did survive presented with greater inflammation, greater early cardiac dilation and worse remodeling than control mice. Similar effects were not found in ERb deficient mice. These data suggest that exposure to BPA, and its leading replacement chemical BPS, reduces successful wound healing and recovery postMI via ERb signaling.
MATERIALS AND METHODS
Materials. BPA (>99% pure, CAS 80-05-7) and BPS (98% pure, CAS 80-09-1) were purchased from Sigma-Aldrich, (Oakville, Ontario). 4-[2-Phenyl-5,7-bis(trifluoromethyl)pyrazolo [1,5-a] pyrimidin-3-yl]phenol (PHTPP, cat. 2662) was purchased from Tocris Biosciences (Minneapolis, Minnesota). Antibodies specific for matrix metalloproteinase 2 (MMP2), matrix metalloproteinase 9 (MMP9), nitric oxide synthase 2 (NOS2), cyclooxygenase 2 (COX2), arginase 1 (ARG1), F4/80 and chemokine (C-C motif) ligand-2 (CCL2) were purchased from Santa Cruz Biotechnology, Inc., (Santa Cruz, California) . Lymphatic vessel endothelial hyaluronan receptor-1 (Lyve-1) antibody was purchased from BioTrend Chemical LTD., (Destin, Florida) . Interferon c (IFNc) and Interleukin-4 (IL-4) peptides were purchased from PeproTech, (Rocky Hill, New Jersey) and lipopolysaccharide (LPS) was purchased from Sigma-Aldrich, (Oakville, Ontorio).
Animal manipulation. The animal use protocol was reviewed by the Lady Davis Institute Animal Care Committee and animal experiments were performed according to the guidelines of the Canadian Council on Animal Care. C57bl/6n mice (Charles River, St Constant, Quebec) were used unless noted. All mice were fed a Harlan Teklad Global 2018 diet, housed in polycarbonate cages with 1/4 00 corn cob bedding and had a 12-h dark/light schedule.
BPA or BPS were dissolved in ethanol and added to a final concentration of 25 ng/ml to glass-bottled drinking water. Mice were treated with BPA or BPS containing drinking water at mating and the male progeny continued on this treatment until euthanasia. Vehicle (VEH)-treated mating pairs and progeny were exposed to an equivalent volume of ethanol (final concentration 0.01%) in their drinking water. ERb heterozygous females (þ/À) and homozygous (À/À) deficient males (gift from Dr Celine Fiset, Montreal Heart Institute) were mated. ERb À/À males were identified by genotyping. Mating pairs and their progeny were exposed to VEH, BPA, or BPS as described earlier.
Blood was collected from the saphenous vein of VEH (n ¼ 5), BPA (n ¼ 5), and BPS (n ¼ 5) exposed adult male progeny and circulating cells enumerated using a VetABC (SCIL Animal Care, Gurnee, Illinois). At 3-4 months of age VEH (n ¼ 9), BPA (n ¼ 10), and BPS (n ¼ 9) mice were euthanized and the body weight (BW), wet weight of the heart (HW), lung, spleen, combined testes, and combined seminal vesicle weights were collected. The body length (BL, tip of nose to base of tail) and anogenital distance (AGD, base of preputial gland to midpoint of anus opening) were measured using calipers. Body surface area (BSA) was calculated using the formula BSA
where K is the species specific constant for mice and W is the BW in grams (Cheung et al., 2009) .
(PR), P-wave duration (P-dur), QRS, and QT wave intervals were analyzed. The QTc was calculated using the QT value in msec divided by ffiffiffiffiffiffiffi ffi W 2 p /100 where W is the RR interval in msec. Echocardiography of isoflurane anesthetized mice was performed using a VEVO 770 sonograph (VisualSonic, Toronto, Ontario). Long axis and short axis acquisitions were analyzed using VisualSonic proprietary software as we have done previously (Patel et al., 2013 (Patel et al., , 2015 . Recordings were collected once from each animal.
EKV-gated acquisitions of the long axis view were used to outline the LV wall in diastole and systole. These single planederived dimensions permitted calculations to estimate LV area and LV volume in systole and diastole. Stroke volume is the difference between the LV volume in diastole and the LV volume in systole whereas cardiac output is stroke volume multiplied by the heart rate (Tournoux et al., 2011) .
M-mode acquisitions of the short axis view at the level of the papillary muscles were collected and used to measure the left ventricle internal diameter in diastole (LVIDd) and systole (LVIDs), LV posterior wall thickness in diastole and interventricular septal wall thickness in diastole. Fractional shortening (FS) was calculated as [(LVIDdÀLVIDs)/LVIDd] Â 100. LV mass (LVM) was calculated as
]. EKV-gated acquisitions of the short axis view at the level of the papillary muscles were used to outline the LV wall in diastole and systole and calculate the fractional area change (FAC) as (LV area in diastole minus the LV area in systole) divided by the LV area in diastole.
Pulsed wave Doppler acquisitions of the ascending aorta and pulmonary artery were used to measure the aorta velocity time integral (AoVTI) and pulmonary artery velocity time integral (PA VTI), respectively (Scherrer-Crosbie and Kurtz, 2010).
MI surgery, echocardiography, and histology. Cardiac surgery was performed by the Surgery Core of the Lady Davis Institute (Patel et al., 2015) . The surgeon was blinded to the type of exposure. Between 3 and 4 months of age, male progeny were anesthetized with isoflurane and intubated. Analgesia for the next 3 days was provided by an injection of slow release buprenorphine. A permanent blockage in blood flow downstream of the left anterior descending coronary artery approximately 2 mm distal to the left atrial appendage was created using a 7-0 silk suture ligature. Using a similar surgery, it was estimated that this ligation places approximately 38% of the LV at risk for infarction (Thibault et al., 2007) .
Echocardiography of isoflurane anesthetized mice was performed on day 3-or day 21-postsurgery as described above. Acquisitions were collected at only one time point from an animal. BW, BL as well as heart, lung and spleen wet weights were measured at euthanasia on day 4 (n ¼ 9 per treatment) or day 22 (n ¼ 8 per treatment) postsurgery.
Hearts were cut coronally, fixed in 10% formalin for 24 h, and embedded in paraffin. Sections, 5 microns thick, were stained with Hematoxylin and Eosin (H&E) and images were viewed using a Leica MZ 10F dissecting microscope or a Leica DM2000 microscope and collected using Infinity Capture v4.6 software (Lumenera Corp. Ottawa, Ontario). Images of fixed and unembedded hearts were obtained using a Leica MZ 10F dissecting microscope and Infinity Capture v4.6 software.
For immunofluorescence microscopy, coronal sections were deparaffinized. Antigen retrieval was performed by heating sections for 20 min at 95 C in 10 mM sodium citrate (pH 6.0) followed by cooling in the hot liquid for 20 min. at room temperature. The sections were then transferred to a humid chamber, washed, permeabilized using 0.25% Triton for 10 min.
and blocked in PBS containing 0.1% Triton-X-100 and 10% BSA for 1 h at room temperature. Primary antibody to F4/80 was added (1:100 dilution in PBS containing 0.1% Triton-X-100 and 3% BSA) for 1 h at 4 C and secondary antibody coupled to Alexa-555 incubated for a further hour. The washed sections were mounted using Prolong Gold Antifade reagent (Molecular Probes, Carlsbad, California). Images were obtained using a Leica DM2000 microscope and Infinity Capture v4.6 software (Lumenera Corp. Ottawa, Ontario). Cropped images were obtained using Adobe Photoshop (San Jose, California).
Flow cytometry of myeloid cells isolated from postMI heart. VEH, n ¼ 8, BPA-exposed, n ¼ 6, and BPS-exposed, n ¼ 6 mice were euthanized on day 4 postMI and single cell suspensions of whole heart tissue prepared. The heart was dissected into small pieces and incubated with an enzyme mixture containing 675 U/ ml collagenase I, 18.75 U/ml collagenase XI, and 9 U/ml hyaluro- RAW264.7 cells. The male-mouse macrophage (MU) cell line, RAW264.7, was cultured in 24-well plates and BPA or BPA added in triplicate. To measure growth, plates were cultured for the days indicated, the monolayer washed in PBS, the cells fixed and the sulforhodamine dye binding colorimetric assay performed. To measure migration, RAW264.7 cells were cultured in triplicate until approximately 80% confluent, a scratch made in the monolayer, the plates washed and BPA or BPS added. The next day the monolayer was fixed, stained, photographed and the cell-free area quantified using Image J software. To assess the impact of ERb antagonism, RAW 264.7 cells were cultured on glass cover slips in 6-well plates, treated with VEH or PHTPP (10 À8 M) for 2 h and then VEH or BPA (10 À9 M) added and culture continued for 24 h. After 24 h, the cells were fixed and permeabilized cells were stained with antiNOS2 and Alexa-labeled secondary antibody (Invitrogen, Waltham, Massachusetts) . The slides were mounted in Prolong Gold Antifade reagent with DAPI (Molecular Probes).
Images were obtained using a Leica DM2000 microscope and Infinity Capture v4.6 software (Lumenera Corp. Ottawa, Ontario) and merged using Adobe Photoshop.
Protein expression analyses. To assess protein expression in mice after an MI, the ischemic area of the LV n ¼ 12 mice/treatment was dissected and homogenized in RIPA buffer (1% NP-40, 50 mM Tris (pH 7.4), 0.5% deoxycholate, 159 mM NaCl, 0.1% SDS, 10 mM sodium metabisulfite, 1 mM sodium vanadate, proteinase inhibitor cocktail, PhosSTOP (Roche, Indianapolis, Indiana), and 1 mM phenylmethylsulfonyl fluoride (PMSF)). Protein was measured using the Bradford Protein Determination Assay (BioRad, Hercules, California) against a standard curve prepared using bovine serum albumin as per the manufacturer's instructions. Protein expression was measured using a standard immunoblotting (IB) method (Patel et al., 2013) . Briefly, proteins, (10-20 mg), were separated using SDS-PAGE and electrophoretically transferred to Immobilon P membrane (Millipore, Bedford, Massachusetts). Membranes were blocked, incubated overnight at 4 C with specific antisera then with species-specific secondary antibodies complexed to horseradish peroxidase and the interaction revealed using chemiluminescent detection kits (Pierce Chemical Co., Rockford, Illinois). Several exposures from each membrane were collected onto X-ray film. After IB, membranes were washed, permanently stained with Coomassie Brilliant Blue, destained and scanned using NIH Image J Analysis Software (NIH, Rockville, Maryland). Expression of the indicated proteins was corrected for any difference in protein loading by normalizing with the amount of protein detected on the Coomassie Brilliant Blue stained membrane.
In gel zymography. Protein homogenates of the ischemic area were solubilized in nondenaturing buffer and proteins separated by electrophoresis through SDS/10% acrylamide gels containing 500 mg/ml gelatin (Patel et al., 2015) . After electrophoresis, proteins were renatured by treatment with 3 changes of 2.5% Triton-X-100. The gel was incubated at 37 C in buffer containing 50 mM Tris, pH7.5, 50 mM CaCl 2 , and 5 mM ZnCl 2 overnight, stained with Coomassie Brilliant Blue, destained and photographed using a Chemi-Doc (BioRad Lifesciences, Mississauga, Ontario). The image was scanned and the area of clear staining indicating gelatin digestion quantified using NIH Image J Software (NIH Rockville, Maryland). The clear stained area from control treated mice or cells was designated as 100% digestion.
Isolation of bone marrow-derived monocytes and their differentiation in vitro. Bone marrow-derived monocytes were cultured from n ¼ 6 mice/treatment. Bone marrow cells were flushed from the femurs and tibias using DMEM media, cells collected by centrifugation, re-suspended in DMEM containing 10% FBS and plated onto 6-well plates (Patel et al., 2015) . After 2 h of culture, nonadherent cells were removed and the media replaced with DMEM containing 10% L929 conditioned media and 10% FBS. The media was replenished on day 3. Subsequently, media was changed to also contain control, BPA or BPS on day 5-6. Two hours later IFNc (5-50 ng/ml media), LPS (10-100 ng/ml) or both were added to induce in vitro differentiation to a proinflammatory MU phenotype. Alternatively, IL-4 (10 ng/ml) was added to induce in vitro differentiation to the antiinflammatory MU phenotype. Twenty-four hours after cytokine addition, media were collected for in gel zymography. Protein was isolated from washed cell monolayers in SDS-lysis buffer, sonicated, centrifuged and expression measured by IB. Expression of individual proteins was calculated in comparison with the scan of the Coomassie Brilliant Blue stained membrane using NIH Image J Analysis Software.
Statistical analyses. Normality was verified by the KolmogorovSmirnov test. Equal variance about the group mean was confirmed. Significance was evaluated by 1-or 2-way ANOVA as appropriate using the statistical program SigmaStat 3.1 and the Student-Newman-Keuls posthoc test. A p-value of < .05 was considered significant.
RESULTS

Physiological Impact of Chronic Exposure to BPA and BPS
The chemical structures of BPA and BPS are similar, Figure 1A .
To mimic the oral mode and directly compare the impact of BPA and BPS, we treated mice with drinking water containing Vehicle (VEH, 0.01% ethanol), BPA (25 ng BPA/ml), or BPS (25 ng BPS/ml), Figure 1B . To address the impact of lifelong exposure from conception to euthanasia, we initiated treatment at mating and maintained treatment of the progeny until euthanasia. Based on an average daily consumption of 5ml drinking water in adult C57bl/6n mice (Bachmanov et al., 2002) , we estimate that mice were exposed to approximately 5 mg BPA or BPS/kg BW/day. Using the formula (human equivalent dose ¼ mouse dose in mg/kg Â [animal Km/human Km] where the Km for mice is 3 and the Km for humans is 37 (Reagan-Shaw et al., 2008), we calculate that the mice were exposed to a human equivalent dose of approximately 0.41mg BPA or BPS/kg BW/day. This amount is below the current tolerable daily intake dose and can be considered to be "low dose" (Teeguarden and Hanson-Drury, 2013; Vandenberg et al., 2013) .
To determine whether lifelong exposure to BPA or BPS altered body size or reproductive tissue weights, we measured BW, AGD, combined testes and combined seminal weights and calculated the BSA of adult progeny at euthanasia (Table 1) . There were no differences in these gross measures of body size and neither compound altered AGD indexed to BL, testes or seminal vesicle weights. Further, HW, HW indexed to BW and HW indexed to the calculated BSA were similar regardless of treatment regimen. Lung weight and lung weight indexed to BW did not vary suggesting no overt heart failure by this gross measure. Spleen weight in BPS-treated mice was greater than in VEH-or BPA-exposed mice, but this difference was lost when indexed to BW. Thus, exposure to BPA or BPS from the time of conception did not alter adult male reproductive tissue weights, lead to increased BW, BSA, or induce cardiac or spleen hypertrophy at euthanasia at approximately 4 months of age.
To assess baseline cardiac structure/function, we measured ECG parameters and performed echocardiography in the adult progeny (Table 2 ). There were no differences in any ECG parameter suggesting no difference in cardiac electrical conduction was induced by BPA or BPS exposure. Confirming the physiological data, we found echocardiography-derived LVmass and indexed LVmass were similar in all treatment groups. Although there was a trend toward reduced FS and Vcf in BPA-and BPS exposed mice, these differences did not reach significance Also, FAC, AoVTI, SV, or CO measures of LV systolic function were not different. LV internal diameters in systole or diastole were analogous indicating no change in LV structure. The equivalent PA VTI in all groups implies no change in RV systolic function. Hence, we conclude that lifelong exposure to BPA or BPS did not influence these measures of cardiac structure/function.
Survival and Cardiac Function Are Reduced PostMI in Mice
Chronically Exposed to BPA and BPS We used permanent ligation of the left anterior descending coronary artery to create an area of cardiac injury on approximately 50 mice per treatment. Necropsy of mice which died suddenly revealed the presence of blood in the thoracic cavity suggesting that death was due to cardiac rupture. We and female C57bl/6n mice were paired and immediately treated with drinking water containing either VEH (0.01% ethanol), BPA (25 ng/ml), or BPS (25 ng/ml). Male progeny were maintained on the same regimen until euthanasia. An MI was performed and echocardiography acquisitions were obtained on the indicated days. C, Survival. Surgery was performed to create a permanent blockage in the coronary artery. Survival postMI was monitored with time. D, H&E stain. Representative coronal sections of hearts (n ¼ 6 per exposure group) obtained on day 3 postMI were stained with H&E. Arrows indicate the interface between uninfarcted and infracted regions.
The inside arrow indicated a rupture site. Photographs were taken using a Leica Dissecting microscope at 1.25-fold magnification and Image Capture software. E, Fixed hearts. Fixed hearts (n ¼ 3 per exposure group) obtained from mice 21 days after MI were sliced coronally and photographs taken using a Leica Dissecting microscope at 1.25-fold magnification and Image Capture software. F and G, LV area and volume on days 3 and 21, respectively. The LV internal area and volume in systole and diastole were calculated using the long axis view and EKV-gated acquisitions. Data are the mean 6 SEM. A p-value of < .05 was considered significant and is indicated by an * in comparison with VEH. H, Fractional area change on days 3 and 21, respectively. The LV internal area in systole and diastole were measured and FAC calculated using the short axis view and EKV-gated acquisitions. Data are the mean 6 SEM. A p-value of < .05 was considered significant and is indicated by an * in comparison with VEH. I, Short axis acquisitions. Left. Representative EKV-gated short axis view acquisitions. Arrows indicate the outline of the LV wall in diastole to indicate the greater dilation of the LV in BPA and BPS exposed versus VEH-exposed mice. Right. Representative M-mode acquisitions. The lines indicate the LVIDd and LVIDs).
found survival in the immediate postMI period was reduced in BPA-and BPS-exposed mice ( Figure 1C) . Interestingly, survival at 3 weeks was approximately 55%-60% in all treatment groups. These data suggest that recovery in the immediate postMI period was reduced by exposure to BPA and BPS. H&E staining of coronal heart sections revealed thinning of the LV indicating an infarct was evident on day 3 ( Figure 1D ). Coronal sections of hears collected on day 21 showed extensive loss of the myocardium in all treatment groups ( Figure 1E ).
To quantify cardiac dilation and function, we performed echocardiography on the surviving mice (Figs. 1F-I) . Analyses of the heart using long axis views postMI found greater dilation in systole and diastole in BPA-and BPS-exposed versus VEH mice (Figs. 1F and G). On Day 3 postMI LV area and LV volume in systole and diastole were greater in BPA and BPS-exposed mice than VEH mice ( Figure 1F ). On Day 21 postMI, the dilation of BPA-, but not BPS-exposed mice was significantly greater than VEH mice ( Figure 1G ). Further, analyses found reduced FAC in BPA-and BPS-exposed mice on days 3 and 21 ( Figure 1H) . Bmode images collected using the short axis view show representative acquisitions indicating greater LV dilation in BPA-and BPS-treated mice ( Figure 1I ). Further, representative M-mode images show LV walls with greater reductions in wall movement evident in BPA and BPS-treated mice suggesting reduced cardiac contraction ( Figure 1I ). Thus, although cardiac structure/function was similar in all mice at baseline, we observed greater cardiac dilation and greater reductions in LV function in BPA-and BPS-versus VEH-exposed mice that survived an MI. Further, the greater reductions in cardiac function evident 21 days postMI in BPA-and BPS-treated mice suggest the possibility for reduced long-term survival of exposed mice.
PostMI Myeloid Cell Accumulation Is Increased by Chronic Exposure to BPA and BPS H&E staining of formaldehyde fixed sections of hearts, showed increased cellular infiltration into the infarct area in BPA-and BPS-exposed mice (Figure 2A ). Monocytes and MU infiltrate into a wounded area and are important in the initial inflammatory response after an MI to remove dead cells and remodel the extracellular matrix (Crane et al., 2014; Hulsmans et al., 2016 Figure 2B ). To further characterize the infiltrating cells, we probed protein homogenates prepared from the infarct area with antiF4/80 ( Figure 2C ). We found increased F4/ 80-specific protein in homogenates from BPA-and BPS-treated mice. Tissue-resident MU track to organs such as the heart during fetal life where they self-renew (Ensan et al., 2016) . To determine whether exposure to BPA or BPS during fetal life increased their presence postMI, we probed infarct homogenates with the tissue-resident MU marker Lyve-1 (Pinto et al., 2012) ( Figure 2G ). Lyve-1 expression was similar in infarct homogenates from exposed versus unexposed mice making it unlikely that this cell population increased postMI.
To establish whether myeloid cell infiltration was increased in BPA-and BPS-exposed mice postMI on a cell-by-cell basis, we performed flow cytometry of single cells isolated from whole hearts collected on day 4 postMI (Figs. 2D-F) . We found increased CD45 positive cells in the BPS-exposed mice suggesting increased infiltration of myeloid cells ( Figure 2D ). CD45 þ ( Figure 2D ). We observed increased numbers of DCs, Ly6c hi and Ly6c lo monocytes infiltrated into the hearts of BPA-and BPS-exposed hearts versus those present in VEH-exposed mice. Also, increased numbers of MerTK þ MU were found in BPS-exposed hearts than Surface ECG or echocardiography was performed on approximately 4-monthold adult mice (VEH, n ¼ 10; BPA, n ¼ 9; BPS, n ¼ 9). Mice were anesthetized with isoflurane.
Electrocardiography quantified PR, P-dur, QRS, and QTc which are expressed in msec. HR at the time of ECG data collection is in beats/min. Echocardiography quantified LVIDd and LVIDs (mm), AoVTI (cm 2 ), FS (%), FAC (%), Vcf (cm/s), SV (ml), CO (ml), and PAVTI (cm 2 ). LVmass indexed to BW (LVmass/ BW) or BSA (LVM/BSA) was calculated. HR at the time of echocardiograph data collection is in beats/min. Data are the mean 6 SEM. in hearts from the other treatment groups (Figs. 2E and F) . BPSexposed, but not BPA-exposed mice had increased accumulation of CD4
þ -T-cells and CD8
þ -T-cells in the heart (Supplementary Figs. 1A and B). No differences were detected in myeloid or T-cell numbers in the mediastinal lymph node that drains the heart (Supplementary Figure 2) . These data suggest increased infiltration of proinflammatory myeloid cells in bisphenol-treated mice after an MI.
The release of cell contents from oxygen-deprived cardiomyocytes as well as the secretion of chemokines by surviving cells stimulates monocyte migration into the infarct (Yan et al., 2013) . Circulating monocytes are actively recruited to an injury in response to chemokines such as chemokine (C-C motif) ligand 2 (CCL2) (Nahrendorf et al., 2010) . IB revealed increased CCL2 protein in homogenates from the ischemic area of BPA-and BPS-exposed versus VEH mice ( Figure 2G ). Hence, our data show increased infiltration by bone marrow-derived monocytes and MU in BPA-and BPS-exposed hearts postMI that may be a consequence of local increases in the monocyte chemoattractant CCL2.
To identify whether a monocytosis contributed to the increase in myeloid cell infiltration, we enumerated the circulating myeloid cells (Table 3) . At baseline, we found no difference in any white blood cell or red blood cell parameter as a consequence of BPA or BPS exposure. To determine whether any differences were revealed after an MI, we analyzed blood samples collected on day 3 postMI. When baseline versus postMI sampling was compared, all groups had an approximately 60% increase in circulating granulocyte and a 9%-15% reduction in hemoglobin after the MI. Here, BPA-treated mice had increased and BPS-treated mice had reduced circulating monocytes postMI. We did not detect large increases in circulating monocytes at baseline or after MI in exposed mice indicating that increased inflammatory cell infiltration after the MI was not secondary to a monocytosis.
To determine whether BPA or BPS might increase infarct monocyte numbers by promoting proliferation, we treated the male MU cell line RAW264.7 with graded amounts of BPA or BPS. We found no change in sulforhodamine B dye binding with BPA or BPS treatment ( Figure 3A ). To discover whether BPA or BPS might increase migration and thereby increase myeloid cell movement into the infarct, we cultured RAW264.7 macrophage cell line and quantified migration in a scratch assay. We observed no increase in RAW264.7 cell migration into the monolayer wound in BPA-or BPS-treated cells ( Figure 3B ). Collectively, these data demonstrate no increase in monocyte proliferation or monocyte migration with BPA or BPS treatments in vitro suggesting no impact of BPA or BPS on monocyte/MU proliferation or migration within the infarct.
The spleen can contribute infiltrating monocytes and MU cells to the injured area postMI (Swirski et al., 2009) . Spleen wet weights on postMI day 3 (VEH 87 6 4; BPA 97 6 8; BPS 96 6 12) and day 21 (VEH 88 6 8; BPA 74 6 10; BPS 86 6 4) were similar indicating no gross differences in spleen size. Further, flow cytometry analyses of the myeloid and T-cell compartments of the spleen on day 4 postMI did not identify significant differences with exposure (Supplementary Figure 3) . These data suggest no significant increase in myeloid or T-cells originated from the spleen in BPA or BPS exposed mice.
Monocyte-Associated MMP Expression and Activity Is Increased by Exposure to BPA and BPS Increased cardiac dilation postMI can be due to excessive degradation of the supporting extracellular matrix by MMPs secreted by myeloid cells (Gao et al., 2012; Myerburg and Junttila, 2012) . To determine whether the increased monocyte/MU infiltration increased MMP protein and activity in the infarct area, we isolated protein homogenates from the infarct of VEH-, BPA-, and BPS-exposed mice and performed IB and in gel zymography. IB revealed increased expression of MMP9 and MMP2 with no change in the Tissue Inhibitor of Metalloproteinase-1 protein in samples from BPA and BPS versus VEH exposed mice ( Figure 3C ). In gel zymography revealed increased MMP9 activity in homogenates from BPA-and BPSexposed and an increase in MMP2 activity in BPA-exposed versus VEH mice ( Figure 3D ). To ascribe these increases to monocyte/MU, we treated RAW264.7 cells with BPA or BPA for 24 h. Increased MMP9 protein in cell lysates and increased secreted MMP9 activity in the culture media was induced by BPA and BPS ( Figure 3E ). These data suggest the increased MMP protein and MMP activity in the infarct area of bisphenol exposed compared with VEH mice postMI was the result of BPAand BPS-mediated activation of infiltrating monocyte/MU.
BPA and BPS Exposure Promotes a Pro-Inflammatory Cell Population
Chemokine addition in vitro has been used to delineate two major monocyte phenotypes. Culture with IFNc and/or LPS induces monocyte polarization to a "classically activated" and pro-inflammatory MU phenotype sometimes called M1 MU Once approximately 70% confluent, a scratch was made and the media replaced with VEH or the indicated amounts of BPA or BPS in triplicate. The monolayer was stained with SRB 24 h later. Photographs were taken using Image Capture software and the cell-free area quantified using Image J software. The cell-free area in VEH-treated cells was considered to be 100% migration. Shown are the results of 2 independent experiments. C, MMP9, MMP2 and TIMP1 expression in infarct heart. Protein homogenates, n ¼ 6/treatment, were prepared from the ischemic area and immunoblotted for expression of MMP9, MMP2, or TIMP1. Expression of individual proteins is relative to the stained and scanned Coom. membrane which was used as a loading control. Representative blots are shown. The size of each protein is indicated to the right of the immunoblot. The bar graph shows the results of MMP9 and MMP2 expression.
Expression in the VEH samples was artificially designated as 1.0. A p-value of < .05 was considered significant and is indicated by an * in comparison with VEH. D, MMP9 and MMP2 in gel zymography in infarct heart. Protein homogenates, n ¼ 6/treatment, of the ischemic area were prepared and in gel zymography was performed.
The size of the clear bands is indicated to the right of the gel. A representative gel is shown. The bar graph shows the combined results of MMP9 and MMP2 activity. Gelatinolytic activity (unstained area) in the VEH samples was artificially designated as 1.0. A p-value of < .05 was considered significant and is indicated by an * in comparison with VEH. E, MMP expression and activity in vitro. RAW 264.7 cells were cultured on 6-well plates until approximately 60% confluent and then cultured in media containing the indicated amounts of BPA or BPS for 24 h. Cell lysates were immunoblotted for expression of MMP9 and MMP2 as above. The size of each protein is indicated to the right of the immunoblot. Expression of individual proteins is relative to the stained and scanned Coom. membrane which was used as a loading control. The media was collected for in gel zymography as above. The size of the clear bands is indicated to the right of the gel. Representative gels from 3 independent experiments are shown.
characterized by increased expression of proteins such as NOS2 and COX2, ARG1. Culture with IL-4 induces polarization to an "alternatively activated" and anti-inflammatory MU phenotype sometimes called M2 MU characterized by increased expression of ARG1. To determine whether BPA or BPS influence monocyte polarization in vitro, we exposed RAW264.7 cells to IFNc or IL-4 along with BPA or BPS ( Figure 4A ). IFNc-stimulated expression of NOS2 was increased and IL-4-stimulated expression of ARG1 was reduced by nanomolar BPA and BPS. These data suggest that acute in vitro exposure to BPA or BPS enhances polarization to proinflammatory MU and reduces polarization to antiinflammatory MU phenotype. Circulating monocytes that enter the infarct arise from the bone marrow. Monocyte progenitor cells in the bone marrow can be induced to polarize into activated monocytes in vitro.
To test whether lifelong in vivo exposure to BPA or BPS influences polarization to the proinflammatory MU phenotype, bone marrow cells from VEH, BPA, and BPS exposed mice were isolated, cultured to induce monocyte development and then differentiated in vitro by exposure to increasing amounts of IFNc or LPS ( Figure 4B ). Both treatments induced increased NOS2 and COX2 expression. However, greater inductions were detected in bone marrow-derived cultures isolated from BPA or BPS exposed mice. Thus, lifelong in vivo exposure to BPA or BPS increased the susceptibility of bone marrow-derived monocytes to respond to proinflammatory MU polarization inducers in vitro.
ERb Signaling Is Involved
To explore the mechanism, we treated RAW264.7 cells with BPA in the absence or presence of a 10-fold excess of the ERb-antagonist PHTPP. Immunofluorescence staining detected reduced NOS2 expression in cells treated with BPA þ PHTPP ( Figure 4C ). These data suggest that the mechanism for BPA-mediated increases was downstream of ERb-signaling.
To determine whether ablation of ERb signaling in vivo would reduce the impact of lifelong exposure to BPA or BPS, we exposed ERb mating pairs to BPA or BPS at the time of mating as described above and performed an MI on the adult male progeny (Figs. 4D-G) . Survival to 4 days was similar for VEH and BPA-exposed mice, but was reduced in BPS-exposed mice ( Figure 4E ). Echocardiography performed on day 3 postMI revealed no significant differences in the LV area or LV volume in ERbÀ/À mice regardless of treatment ( Figure 4F ). Moreover, FAC was similar regardless of exposure. However, IB of infarct homogenates revealed greater expression of the monocyte/MU marker F4/80 and MMP2 in BPS-exposed ERbÀ/À mice than in samples from BPA-exposed and VEH treated ERbÀ/À mice and greater expression of the chemoattractant CCL2 than VEH treated ERbÀ/À mice ( Figure 4G ). In contrast, expression of F4/ 80, CCL2 or MMP2 in VEH and BPA exposed ERbÀ/À mice was comparable. There were no differences in expression the tissue macrophage marker Lyve-1 marker expression ( Figure 5G) . Thus, the absence of ERb ablated the adverse impact of chronic BPA and BPS exposure on cardiac structure/function measures. However, although BPA-mediated increases in expression of inflammatory markers were reduced to control levels by ERb ablation, their continued high level of expression in BPS-exposed ERbÀ/À mice suggests that the adverse effects of BPS exposure do not solely depend on ERb signaling.
DISCUSSION
Data directly comparing the safety of BPS are scant yet, temporal analyses show that BPA exposure is reducing (LaKind and Naiman, 2015) while exposure to BPS is increasing . Our study is significant because it directly compares and explores the consequences of lifelong oral exposure to BPA and BPS on the ability to heal from a clinically relevant cardiovascular insult, MI. Overall, our data are consistent with a model where BPA and BPS are equally toxic to the injured heart and where their adverse impact on cardiac healing postMI is centered on increasing inflammation in the infarct. Moreover, we equate this increase in myeloid infiltration to local increases in monocyte chemoattractant, an increased susceptibility to proinflammatory chemokines in the bone-marrow-derived cells that infiltrate the ischemic heart and further show that BPAmediated, but not BPS-mediated, effects are downstream of ERb signaling.
BPA and BPS Exposure Induces Synonymous Reductions in Survival and Cardiac Function PostMI
Our data suggest that continual exposure to BPA and BPS promotes cardiac rupture and LV dysfunction after an MI. We found early death from cardiac rupture was greater in BPA-and BPS-exposed mice than in VEH mice. Moreover, surviving mice had greater dilation suggesting more adverse LV geometric remodeling, and had reduced FAC indicating sustained LV dysfunction. Other studies have showed that acute BPA treatment of ex vivo isolated rat heart preparations increased arrhythmia following an ischemic-reperfusion injury (Yan et al., 2011) . Similarly, optical mapping of ex vivo heart preparations found that acute BPA treatment prolonged the PR segment and the atrium failed to propagate impulses to the ventricle . Further, using an ex vivo rat heart preparation, exposure to low doses of BPA and BPS exposure induced arrhythmia (Gao et al., 2015) . Together, these data imply that BPA and BPS are equally cardiotoxic, that exposure can promote the three major complications of MI, rupture, LV dysfunction and arrhythmia and that this adverse impact is speciesindependent.
Lifelong BPA and BPS Exposure Led to Greater Inflammation PostMI In all mammals, monocytes and MU are key innate immune cells that participate in infection control and wound healing (Brancato and Albina, 2011; Crane et al., 2014; MacLeod and Mansbridge, 2016) . Wound healing is equivalent in all mammals, follows the same pathway in all solid organs and depends absolutely on the orchestrated infiltration of monocytes and MU. Greater expression of CCL2 and numbers of DC and monocyte/MU cells infiltrated the postMI ischemic area of BPA-and BPS-exposed versus VEH hearts. Hence, we conclude that local increases in chemoattractant are a primary factor inducing a greater accumulation of inflammatory cells in the exposed mice. Using models of inflammatory bowel disease, allergic lung inflammation, or challenge by influenza virus no differences in outcome, CCL2 level, or leukocyte infiltration were found when mice developmentally exposed to BPA were compared with unexposed mice (Bauer et al., 2012; Roy et al., 2012a,b) . Thus, although developmental BPA exposure did not influence the capacity to respond appropriately to inflammation, we found lifelong exposure to BPA and BPS resulted in an exaggerated and proinflammatory response linked to increased CCL2 chemokine.
The greater influx of DC and monocyte/MU cells is likely detrimental and we suspect that the increase in MMP activity in infarct homogenates may be a composite of increased myeloid cell infiltration, and increased expression and secretion of MMPs.
MMP9 secretion is primarily attributed to proinflammatory MU suggesting a link between the increased accumulation of monocyte/MU and the increased MMP9 activity in the BPA-and BPS-exposed mice. Increased MMP activity is linked to greater dilatation and death postMI (Gao et al., 2012; Myerburg and Junttila, 2012) and reductions in MMP protein or activity have improved survival (Castro et al., 2011) and dilation Protein lysates were prepared and probed for NOS2 expression. The size of NOS2 protein is indicated to the right of the immunoblot. A representative immunoblot is shown. Expression of individual proteins is relative to the stained and scanned Coom. membrane which was used as a loading control. Representative gels from 3 independent experiments are shown. Bottom, RAW 264.7 cells were cultured on 6-well plates until approximately 60% confluent and then cultured in media containing VEH, IL-4-alone (10 ng/ml), IL-4 þ BPA (10 À9 M) or IL-4 þ BPS (10 À9 M) for 24 h. Protein lysates were prepared and probed for ARG1 expression. The size of ARG1 is indicated to the right of the immunoblot. A representative immunoblot is shown. Expression of individual proteins is relative to the stained and scanned Coom. membrane which was used as a loading control. Representative gels from 3 independent experiments are shown. B, Chemokine addition to BMDM isolated from exposed mice.
BMDM were isolated from mice exposed to VEH, BPA, or BPS. When approximately 70% confluent, the media was changed to contain VEH, or increasing concentrations of IFNc (5, 25, and 50 ng/ml) or LPS (10, 50, and 100 ng/ml). Twenty-four hours later cell lysates were collected as above and immunoblotted for NOS2 and COX2. The size of each protein is indicated to the right of the immunoblot. Expression of individual proteins is relative to the stained and scanned Coom. membrane which was used as a loading control. Representative gels from 6 independent experiments are shown. C, Impact of ERb antagonist PHTPP. RAW 264.7 cells were cultured on glass cover slips in 6-well plates. When approximately 60% confluent they were treated with VEH or PHTPP (10 À8 M) for 2 h and then VEH or BPA (10 À9 M) was added and culture continued for 24 h. After 24 h, the cells were washed, fixed and stained with antibody to NOS2 (green). Nuclei were stained with DAPI (blue). Images were acquired at 400Â magnification and merged using Adobe Photoshop. Representative images from 3 independent experiments are shown. D, Chronic treatment of ERbÀ/À mice. ERbÀ/À male and ERb þ/À female mice were paired and immediately treated with either VEH, BPA, or BPS treated water. Male progeny were genotyped at weaning.
ERbÀ/À male progeny were maintained on the same regimen until euthanasia. An MI was performed and echocardiography acquisitions were obtained on day 3. E, Survival. Surgery was performed and a permanent coronary ligation created to induce an MI. ERbÀ/À mice, n ¼ 15/treatment were used. Survival postMI was monitored with time. F, LV area and FAC on day 3. Echocardiography was performed on n ¼ 6 mice/treatment. The LV internal area in systole and diastole were calculated using the long axis view and EKV gated acquisitions. The LV internal area in systole and diastole were measured and FAC calculated using the short axis view and EKV gated acquisitions. Data are the mean 6 SEM. A p-value of < .05 was considered significant and is indicated by an * in comparison with VEH. G, Protein expression. Protein was isolated from the infarct region of n ¼ 5 mice/treatment on day 4 postMI. Representative blots for expression of F4/80, CCL2, Lyve-1, and MMP2 are shown. The size of each protein is indicated to the right of the immunoblot. Expression of individual proteins was calculated and is expressed relative to the stained and scanned Coom. membrane which was used as a loading control. The bar graph shows the combined results. Expression in the VEH samples was artificially designated as 1.0. A p-value of < .05 was considered significant and is indicated by an * in comparison with VEH.
as well as cardiac function postMI (Patel et al., 2015) . In support of the idea that the increased MMP activity in the infarcts was monocyte derived, acute exposure of RAW 264.7 MU cells to BPA and BPS in vitro increased MMP9 protein and activity. In other work using human ovarian and lung cancer cell lines, estrogen-, and BPA-mediated increases in cell migration were linked to increased MMP2 activity (Ptak et al., 2014; Zhang et al., 2014) . Thus, increased MMP activity is a consistent feature of in vivo and in vitro BPA exposure. Here, we extend these results and demonstrate that BPA-and BPS-mediated increases in MMP activity result from continued exposure in vivo and link this increased MMP activity to acute exposure in monocyte/MU in vitro, greater cardiac dilation and an unstable ventricle wall postMI. Monocyte/MU cells entering the infarcts of BPA-or BPSexposed mice are likely highly inflammatory. The transition from inflammatory to repair phenotypes in vivo resembles the polarization of monocytes to pro-inflammatory or antiinflammatory phenotypes in vitro. BPA and BPS enhanced the expression of the proinflammatory MU polarization marker NOS2 and reduced expression of the anti-inflammatory MU marker ARG1 in RAW 264.7 cells suggesting that exposure promotes polarization to a proinflammatory cell population. The circulating monocyte/MU that infiltrate wounds, such as after an MI, arise from the bone marrow. Bone marrow-derived monocytes isolated from mice chronically exposed to BPA or BPS had enhanced expression of the proinflammatory MU polarization markers when IFNc, LPS, or IFNcþLPS were added. This suggests that the cells entering the infarct from exposed mice were highly susceptible to polarization to a proinflammatory phenotype and at lower concentrations of inflammatory chemokines than nonexposed mice. In other studies, nanomolar BPA increased the release of pro-inflammatory cytokines in THP-1 MU and human monocytes (Liu et al., 2014) and estradiol treatment of NR8383 macrophages increased polarization to the pro-inflammatory M1-type MU phenotype (Kou et al., 2015) . In contrast, other in vitro studies found that BPA reduced MU function (Byun et al., 2005; Pyo et al., 2007; Segura et al., 1999) . High (micromolar) amounts of BPA and only short term exposure to mg/kg/d doses of BPA in these studies complicate integration with the data here. However, the combined data suggest that BPA-and BPS-exposure induces increased pro-inflammatory MU polarization and increased secreted MMP activity from activated MU infiltrating the infarct zone.
Mechanism for BPA, but Not BPS Mediated Effects, Depends on ERb Signaling The mechanism of BPA-mediated, but not BPS-mediated, increases in inflammation and ablation of cardiac repair activities postMI likely depends on activation of ERb. ERb-/-mice treated with VEH, BPA, or BPS shared similar cardiac structural and functional deficits after an MI. In ex vivo isolated rat heart preparations, ERb antagonists ablated BPA-and BPS-mediated changes in arrhythmia promotion and calcium homeostasis (Gao et al., 2015; Gao and Wang, 2014) . Thus, the mechanism and negative influence of BPA and BPS on cardiac structure/ function is dependent on ERb signaling ex vivo and in vivo with ablation resulting in reduced effects demonstrable in rats and mice. However, differences in survival and on myeloid cell marker expression reveal mechanistic insights. ERbÀ/À mice exposed to VEH and BPA had similar survival and myeloid cell marker expression implying that BPA's adverse effects were strongly mediated by BPA:ERb signaling. Yet, ERbÀ/À mice exposed to BPS had reduced survival and greater expression of myeloid markers and MMP2. These data indicate that the adverse impact of BPS on myeloid cell infiltration was not relieved by ablation of ERb signaling. These data imply that the mechanism of harm of BPA and BPS on myeloid cells are distinct. They also suggest that excessive myeloid cell infiltration was a greater driver of reduced survival than reduced cardiac function. Transcriptome analyses in disparate systems such as nematodes treated with BPA or BPS has identified low numbers of shared transcripts (Chen et al., 2016) . Further supporting the idea that BPA and BPS may have some shared but also disparate interactions, the result of studies included in the ToxCast data, suggest differences in the response to BPA versus BPS. Overall, these data indicate that bisphenols as a class may show substantial and important differences with bisphenol analogs demonstrating distinct impacts and unique signatures.
Relevance
The disease burden and relative economic loss to the USA and European communities of exposure to endocrine disruptors, including BPA, is enormous (Attina et al., 2016; Trasande et al., 2015) . Up to approximately $7.9 billion USD was attributed to endocrine disruptor-induced early cardiovascular mortality. Beyond cardiovascular disease, recent studies link increased BPA exposure with increased asthma (Kim et al., 2014; Petzold et al., 2014) and increased food intolerance (Menard et al., 2014) supporting the idea that chronic bisphenol exposure promotes a hyperimmune response (Robinson and Miller, 2015) . The known association of female gender with greater incidence of chronic immune diseases such as systemic lupus or multiple sclerosis, and correlation of "flare-ups" or symptoms with the menstrual cycle (Giefing-Krö ll et al., 2015) argues that modifications in ER signaling influences these and perhaps other chronic diseases that have a immune component. Extending the reduced cardiac wound healing found here, bisphenol exposure has the potential to adversely influence healing of other solid tissue injuries. Based on our results and the results of other who also compared BPA with BPS, the use of BPS in replacement of BPA in manufacturing is unlikely to reduce human and economic costs.
Limitations
Endocrine disruptor responses are nonmonotonic therefore our study cannot predict the impact of BPA or BPS at other doses. Importantly, our studies cannot predict the response in other inbred lines or in female mice. Also, these studies were performed using mice and mouse cells and these results have not yet been identified in human tissues, monocytes or MUs.
SUPPLEMENTARY DATA
Supplementary data are available at Toxicological Sciences online.
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